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Ablation of arrhythmogenic cardiac tissues has emerged as one
of the most important advances in cardiac electrephysiology. With
the introduction of aranscatheter ablation, the treatment of ven-
tricular tachycardin, Wolff-Parkinson-Whiae syndrome and other
cardiac arrhylinnias has progressed from an expensive and pain-
fill surgical therapy flccomprric-i~ !9y a long recovery period to the
less expensive, less trauma',- ~ later approach. The feasi-
bility of cardiac ablation, along with the increasing number of
physicians using the technique, requires understanding of the
well as the different technologies, their limitations an- cc,~j~ .ica-
Transcatheter ablation of cardiac tissues that cause cardiac
arrhythmias is an important development in clinical cardiac
electrophysiology. Its goal is to destroy the arrhythmogenic
tissue without compromising the mechanical integrity of the
cardiac tissues and vessels . A few years ago, many patients
with Wolff-Parkinson-White syndrome or ventricular tachy-
cardia underwent surgical dissection of the arrhythmogenic
tissue followed by a painful and prolonged recovery period .
The introduction of the transcatheter approach has dramat-
ically reduced the suffering and the cost of this definitive
treatment for many causes of cardiac arrhythmias (1) .
High energy transcatheter disruption of atrioventricular
(AV) conduction was first reported by Vedel et al . in 1979
(2) . This technique was reproduced in dogs in 1981 by
Gonzalez et al . (3), who reported the use of high energy
direct current delivered to catheter poles to disrupt the AV
node conduction, and by others (4) who used this technique
to create complete heart block by ablating the His bundle .
More recently, radiofrequency has replaced high energy
direct current as the primary source of energy . Since these
initial reports, the transcatheter approach for cardiac abla-
tion has become a common procedure and has been used
increasingly as the primary mode of treating cardiac arrhyth-
mias. The rapid clinical acceptance of this procedure and the
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tions . This report provides an overview of the physical, scientific
and technical aspects of cardiac ablation performed with the
methods currently available and a summary of the limitations of
each method and expected future technologic developments hi this
growing field . Emphasis is placed on radiofrequency and direct
current energies, the primary methods now used. Methods such as
cryonblation and laser, and microwave and chemical ablation are
discussed with less detail because the method of delivering energy
for these ablative procedures has not been fully
developed.
(J Ain Coil Cardiol 1993,22
:921-32)
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proliferation of physicians engaged in transcatheter tissue
ablation mandates an adequate knowledge concerning the
technology, limitations and the complications that can arise
from inappropriate use and inadequate monitoring during the
procedure. Although radiofrequency ablation is rapidly re-
placing high energy direct current ablation, direct current
ablation is still used in many parts of the world .
In this review, ablation using radiofrequency and direct
current energies is emphasized . Methods such as cryoabla-
tion and laser, microwave and chemical ablation arc dis-
cussed in less detail because deflectable catheter technology
for these ablative procedures has not been fully developed .
This report summarizes the physical, technical and scientific
basis of cardiac tissue ablation, future technical develop-
ments and the limitations of each technology .
High Energy Direct Current Tissue Ablation
Physical and engineering principles . The discharge of high
voltage and current through t;, catheter situated in an en-
closed cardiac chamber to a large low resistance patch
electrode placed on the skin generates several physical
conditions that play a role in the permanent damage of
cardiac tissues . A defibrillator impulse (Fig . 1-1 and 1-2) with
energy levels from 50 to 500 J provides a peak voltage of
2,000 to 3,000 V and a current of 40 to 60 amp, that flow
across the catheter-tissue interface (5) . At the very early
stages of energy transfer, the voltage and current increase
proportionally, indicating a resistive type of energy dissipa-
tion . This initial phase lasts about 300 to 600 its (5) and is
followed by arcing . The total circuit resistance, using a large
07135-1097193156.0 0
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F;;iru- 1 . 1, Output waveform from a Zoll external defibrillator used
in direct current (DC) ablatilim ( ;Mach vertical division represents
200 V and each horizontal division represents 2 ms .) The charge was
recorded across a 50-11 resistor . 2, The same energy using a 7F-,
2-mm tip electrode placed within the left ventricle of a dog heart . 3,
Sinusoidal waveform of radiofrequency (1117) energy . (Each horizon-
tal division represents 30 V and each vertical division represents
01 pm) 4, A 20.s sweep of radiofrequency current delivered to the
left ventricle of a dog heart using a 7F-, 4-mm tip ablation electrode .
Initially, the current increases as the tissue impedance decreases .
Once the tissue is overheated and gas bubbles are formed under the
catheter tip, the radiofrequency current drops and fluctuates for the
duration of the ablation .
indifferent R2 type skin patch, is 70 to 200 11 . Only three to
four 11 is due to the catheter internal resistance, whereas
most resistance is due to the catheter-tissue interface . Much
energy is dissipated across the largest impedance in the
resistor network located at the catheter-tissue interface . The
maximal current density (defined as the current in amperes/
area in m2) is at the catheter-tissue interface, which is the
location of maximal power dissipation and, therefore, heat
production. Despite the high power used for direct current
ablation, it is believed that only minimal tissue heating takes
place, primarily because it is used for only a short period of
time. Because the catheter and the tissues are immersed in
flowing blood and the time of resistive heating is short, tissue
heating is probably limited to the direct vicinity of the
catheter-tissue interface .
Electrical arcing and incandescent globe formation.
During direct current ablation, it is likely that the blood in
contact with the catheter tip reaches the boiling state within
the first milliseconds of current application . A vapor, con-
sisting mostly of hydrogen and, to a much smaller extent,
oxygen and carbon dioxide (6-8), causes a rapid rise in
impedance . A peak voltage of several thousand volts is
generated across the vapor, which leads to electrical arcing
through the vapor and a rapid rise in temperature that may
exceed 5,000°C (commonly seen in plasma arc) . A wide
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spectrum of light is generated and a further increase is gas
formation occurs . The gas rapidly expands, generating a
positive pressure wave that is contained within the cardiac
chamber. Once the electrical current stops, the vapor globe
stops expanding and the gas bubble collapses, causing a
negative pressure formation (9).
The high temperatures generated during arcing are
thought to participate in the ablation process . However,
temperature measurements made at different depths under
the catheter (6,10) showed that the increase in temperature
was slight as long as the exposed tissues remained perfused .
In several investigations (11, 12), the expanding vapor globe
has been associated with tissue injury as a result of baro-
trauma . Pressures of 10 to 20 atm (13,14) were implicated in
cardiac rupture in dogs (13-16). However, a recent study by
Cunningham et al . (17) could not document the absorption of
the shock wave by the tissue in an in vitro model . Despite
these conflicting results, it is hard to ignore the shock wave
created by the expanding gas bubble as a participant in tissue
injury and perhaps the cause of complications, especially
when high energy shocks are delivered within a small
enclosed area such as the coronary sinus .
Perhaps the most important factor in permanent tissue
injury is the high voltage electrical field generated during the
energy discharge . It has been documented that a field
strength of 60 to 80 V/cm produced lasting incomplete
repolarization in isolated cells and cellular membrane dam-
e (18) and that a shock of 200 V/cm has caused temporary
arrest, contracture and nonsustained cellular fibrillation
(19,20) . Shocks of 200 Vkm produced mitochondrial con-
tracture, separation of the nuclear membranes and swelling
of the endoplasmic reticulum (21,22). When a high energy
direct current shock is delivered to the myocardium, the
strength of the electrical field diminishes exponentially with
distance. Tissue as far as 3 cm from the catheter tip may
undergo cellular injury . Pathologic evaluation of the AV
node in dogs 12 weeks after multiple 35-J shocks revealed
extensive scar formation (3). As the energy levels were
increased, the extent of the scar area increased (23) .
To reduce gas formation and arcing, it was determined
that connecting the catheter tip electrode to the cathodal
pole of the defibrillator as opposed to the anodal pole is
preferable because it produces a smaller shock wave and less
hemolysis (7,24). In addition, reducing the duration of the
electrical pulse to 10 lAs with a current of up to 30 amp and
voltage of 3,000 V results in decreased gas formation and
arcing. The total energy delivered by such an electrical pulse
is <0.65 J (25) . This produces complete heart block with no
complications. Much of the therapeutic incentive for the use
of transcatheter direct current shock for cardiac tissue
ablation stems from the ability to produce a large area of
tissue damage as noted with high energy multiple shocks
(23) . As ventricular tachycardiaa is often a result of diffusely
scarred tissue, one advantage of this technique is the gener-
ation of lesions larger than those produced by other forms of
ablation energy .
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Catheters, monitoring and saftly considerations for high
energy direct current ablation. During high energy direct
current ablation, the catheter insulation has to withstand
high voltages without breakdown . The insulation on the
catheters should be reinforced and braided . By monitoring
the voltage and current output during ablation, one can
detect sharp fluctuations that are most commonly caused by
arc formation or breakdown of catheter insulation, or both .
The loss of recording or pacing capabilities is sometimes
noted and results from conductor meltdown . The less energy
used, the less likely is the possibility of catheter breakdown
and extensive tissue injury . However, decreasing the energy
will result in a decrease in the efficacy of the procedure .
Clinical experience . Transcatheter direct current high
energy pulses have been used clinically to treat supraven-
tricular and ventricular lachycanAas since 1982 (400 . With
the use of this method, a high rate of success has been
reported when ablating the His bundle (27) and accessory
pathways (28,29), A >96% success rate was reported (30) in
248 patients with accessory pathways . Ventricular fibrilla-
tion occurred in two patients, resulting in the death of one .
Complete AV block occurred in four patients . A direct
current high energy pulse from 160 to 240 J was used and
multiple shocks were delivercJ . Bardy et al . (15) have used
energy levels of 150 to 500 J . In their report, the posterosep-
tal accessory pathway was eliminated in 13 of 19 patients
with the shock delivered within the coronary sinus. Three
patients required a sternotomy for control of cardiac tam-
ponade from coronary sinus rupture, and one patient had a
small posterior'infarction due to a spasm of a branch of the
right coronary artery . An 85% success rate was reported in
47 patients undergoing ablation of the AV junction . Atrio-
ventricular conduction resumed in two patients and a new
onset of congestive heart failure occurred in four . After an
average follow-up period of 31 months, a 17% mortality rate
was recorded in this patient group (31) . Ventricular tachy-
cardia ablation was attempted in 33 patients using 160 to
300-J shocks . In 15 patients (45%), the ventricular tachycar-
dia was successfully eliminated during a follow-up period of
15 .5 ± 10 months (mean ± SD) . Five of these patients
experienced nonfatal complications (32) . The complication
and mortality rates after high energy direct current shock are
significant but can be reduced with increased operator
experience. The complications include arrhythmias, cardiac
tamponade (9), coronary sinus rupture and thrombosis (33),
circumflex artery lesions (9), ventricular dysfunction (34)
and sudden death (35) .
Radlofrequency Energy and Cardiac
Tissue Ablation
The diffuse nature of direct current energy tissue injury,
the high rate of serious complications and the limited oper-
ator control of the energy delivered have been the major
catalysts for the development of an alternative ablation
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energy source among which is radiofrequency energy . Ra-
diofrequency energy has been used since the turn of the
century (36) for cutting and coagulatiwi in the surgical
disciplines of clinical medicine. Electrosdrgery is used in
every surgical discipline and most recently has been intro-
duced into internal medicine through the endoscope used in
gastroenterolcjy and transcatheter ablation procedures in
cardiac electrophysiology .
Physical and engineering considerations of radiofr
energy. kadiofrequency energy is an alternating current
with a frequency > 10 kHz and an upper limit of 900 MHz .
Frequencies above this are in the microwave spectra . The
frequency range used in electrosurgery ranges from 200 to
1,200 kllz . At these frequencies, the electrical current does
not directly depolarize excitable tissues (37) and the heat
generated by this energy is dissipated into the area that is
close to tie electrode-tissue interface . Frequencies signifi-
cantly greater than these-that is, in the microwave rang
are transmitted to tissues distant from the electrode and,
unless focused, the heat dissipation can occur over a much
larger tissue mass . In contrast to the instantaneous energy
output associated with high energy direct current shock, the
relatively low radiofrequency energy is applied for a variable
time period and intensity, giving the operator the ability to
control the size of the lesion . In addition, the ease of delivery
makes radiofrequency energy the current choice for cardiac
tissue ablation . Unlike the direct current ablation technique,
which requires considerable patient sedation or general
anesthesia, radiofrequency energy causes minimal discom-
fort to the patient during ablation, does not directly depolar-
ize the cardiac tissue and rarely triggers arrhythmias . How-
ever, arrhythmia induction, which is at times seen during
radiofrequency ablation, is probably a result of increased
tissue temperature leading to increased excitability . With
high. radiofrequency energies, arcing can occur causing
tissue charring .
Technical aspects of radiofrequency ablation . The radio ,
frequency energy generator currently used for electresur-
gery is often a sufficient source of energy
. These generators
are capable of producing three forms of radio,"requency
current: sinusoidal alternating current, which is continuous
at a frequency of several hundred kHz and used for tissue
cutting ; modulated current, which consists of burstlike
forms of energy used for coagulation, and a combination of
the two called a blend
. The process of tissue cutting and
coagulation is primarily a direct result of heat production
within the tissue. When continuous unmodulated radiofre-
quency current is delivered, tissue heating occurs rapidly
and, with it, tissuee injury and destruction
. At the different
stages of temperature buildup, the initial damage occurs
from protein denaturation, followed by coagulation of blood
.
Because pure sinusoidal radiofrequency energy leads to a
rapid rise in temperature and arcing, it is most useful for
tissue cutting, (38)
. Modulated radiofrequency energy allows
the heat to subside between
nergy bursts and is most
suitable for coagulation (38) .
y
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Equipment and set-up procedures As the goal of cardiac
tissue ablation is tissue destruction with preservation of
tissue mechanical integrity, lower energy levels are applied
to a large electrode-tissue contact area with unmodulated
sinusoidal current. Using unmodulated current at energy
levels lower than those used for tissue cutting allows better
control of the energy delivered without arcing (Fig . l-3 and
1-4). To avoid arcing, the electrode-tissue impedance is
closely monitored and the energy should be terminated at the
first indication of impedance rise . When using the electro-
surgery cutting/coagulation equipment, the bipolar output is
used at energy levels of 10 to 60 W. To better control the
total energy delivered, dedicated lesion generators have
been developed in which the power source is controlled by a
timer that contains a display of the elapsed time, impedance,
current output and volt e of the delivered energy . This
control unit is connected to a steerable catheter from which
the energy is emitted between the catheter tip electrode and
a reference electrode . The reference electrode is a large
electrosurgery patch placed on the patient's upper back (Fig .
2) . Ablation may also be achieved between the tip electrodes
of two ablation catheters positioned across, the tissue to be
ablated (sandwich approach) or the tip and a more proximal
electrode. Several factors play an important role in deter-
mining the characteristics of the lesion formation . Among
them are 1) the intensity of power and total energy delivered ;
2) the area of the catheter electrode-tissue contact, the
electrode-tissue impedance and the type of electrodes used
(i .e., catheter to reference patch or between two electrodes
on the catheter); and 3) tissue heat dissipation characteris-
tics.
Physics and engineering aspects . The total energy deliv-
ered to the tissue from the radiofrequency generator can be
simply defined as a product of the root-mean-square of the
volt and current integrated over time . Such a formula
assumes that there is no phase delay* between the voltage
and current . When high energy alternating electrical current
is transmitted to highly ionic media such as blood and tissue,
a ssive phase displacement between the voltage and
current waveforms occurs, reaching maximal displacement
at 70 to 85' of phase shift. This markedly decreases the
energy transfer to the tissue because another reducing mul-
tiplication factor (cosine of the angle of phase shift) is
included in the calculation of the energy transfer (39). Such
phase changes can be observed when high levels of energy
are delivered, usually X60 W and are associated with imped-
ance fluctuations. When the radiofrequency energy is limited
to energy levels of <40 W, no rapid changes in impedance
occur and the phase shift between the voltage and current
waveforms is small .
With radiofrequency energy, the primary cause of tissue
injury is heat, which is generated at the electrode-tissue
interface
. An increase in temperature >50°C causes rma-
*Fox an explanation of this term, please refer to the glossary
of terms in
the Appendix
.
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Figure 2. Basic equipment used in transcatheter ablation. The
radiofrequency generator (1) provides output voltage, current, im-
pedance and power, which are displayed in digital or analog form, or
both . The knobs control ablation time, impedance level cutoff and
voltage or power output . The device allows for automatic cutof
when the impedance increases above a predetermined level . Other
generators provide temperature sensing and automatic temperature
control, which require a thermistor to be placed within the ablati :an
electrode. The generator's poaitive and negative outputs are con-
nected to a switching box (2) . This box switches the ablation)
mapping catheter (3) tip electrode from a recording mode to an
ablation mode . The radiofrequency ablation circuit is completed by
way of the large elect-osurgery patch electrode, which is covered
with highly conductive adhesive gel (4) .
nent injury to the exposed tissue by denaturation of mem-
brane proteins and tissue dehydration (40) . The highest
current density and the largest resistance to current flow
occur at the point of electrode-tissue contact, which leads to
the generation of resistive heat that propagates into deeper
issues in a monoexponential decay curve (41) . As noted by
Haines et al . (40), if the electrode-tissue interface is brought
to 60°C, tissue injury will result . The size of the lesion is
directly proportional to the surface area of the electrode in
contact with the tissue . Thus, for a given constant temper-
ature (which is a function of the current density, tissue heat
conductance, and other factors), lesion size will increase as
electrode size increases . Tissue heating decreases as a
JACC Vol . 22, No. 3
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function of the ablation electrode diameter divided by the
distance from the electrode to the 4th power (air)
4
, At a
distance of 5 mm from an electrode with a 2-tuts radius, the
power dissipation will be (2 16)4 = 0.0123 of that at the
electrode-tissue interface . Because the electrode is cylin-
dric, only a portion of the electrode is in contact with the
tissue and the rest is bathed in flowing blood . Under these
conditions, depending on the portion of the electrode bathed
in blood, only a fraction of the energy is dissipated within the
tissue. One can assume that as the electrode surface area is
increased, the electrode-tissue contact area will be increased
as well . However, a much greater energy would be required
to maintain a given temperature for a large than for a small
electrode (40) .
Gas and coagulum ,formation . Clearly, the idealized
thermodynamic models are based on the assumption that the
initial conditions are held constant . However, this is not the
case. As the heat causes tissue dehydration, dynamic de-
creases in tissue thermal conductance occur, which in turn
result in an increase in temperature at the electrode-tissue
interface. We have noted that at the initial application of
radiofrequency energy, the tissue surrounding the electrode
retracts to form a craterlike depression around the catheter
tip electrode from which the radiofrequency energy is emit-
ted, and the tissue also forms a bond with the electrode .
These changes may increase the electrode-tissue contact
area and may decrease the impedance . Moreover, if the
electrode-tissue interface temperature increases rapidly
above the boiling point, any liquids under the electrode will
boil off and vapor will form . If radiofrequency energy
continues to form vapor, high pressure develops under the
electrode that eventually overcomes the electrode's oppos-
ing mechanical pressure, leading to sudden dislodgment of
the electrode and an explosive burst that can cause a
significant amount of tissue damage (42). As evaporation
may also occur intramurally, a gas bubble may develop
withia the tissue under the electrode . Continuous application
of radiofrequency energy will cause the bubble to expand
and its pressure to increase, which may lead to eruption of
the gas bubble through the weakest path, leaving behind a
gaping hole . The release of the gas pressure is associated
with a popping sound similar to the popping of a kernel of
corn. When such a sound is heard during the application of
energy, it is likely that tissue tearing has occurred (43) . An
example of such a tear is shown in Figure 3 . Furthermore, if
blood is trapped between the electrode and tissue during
delivery of radiofrequency energy, a rapid increase in tem-
perature results, causing a coagulum to be formed on the
metallic surface of the electrode. Coagulum formation
causes a rapid increase in voltage across the rising imped-
ance, which may result in arcing and tissue charring .
Clinical experience. Despite these limitations, the use of
transcatheter tissue ablation with radiofrequency energy for
treating AV node reentrant tachycardia and tachycardia
arising from accessory pathways has been very popular with
a high success rate (92% for AV node reentrant tachycardia
AvrrAu.
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Figure 3 . Left atria) tear above the mitral valve annulus in a dog
heart is a result of an explosion using 40 W of radiofrequency
energy . The tear, measuring 17 mm long and 7
.5 mm wide, is not
associated with atrial wall perforation
.
awed aas high as 99% for tachycardia caused by accessory
pathways) and few complications ; and it is becoming the first
choice of therapy for these conditions (44,45) . This high
success rate can be attributed to the superficial location of
the specific tissue to be ablated, the ability to place the
catheters in accessible, well defined locations (Fig . 4) and
the small amount of tissue that needs to be ablated (Fig . 5) .
High rates of success have also been achieved with radio-
frequency ablation of bundle branch reentrant ventricular
tachycardia and in treatment of patients without structural
heart disease (46,47) . However, radiofrequency ablation of
ventricular tachycardia arising from infarcted tissues has had
only limited success because of the limited intramural pen-
etration and lesion size, the amount of tissue to be ablated
and the difficulty in localizing the reentrant circuit .
Catheters. impedance, temperature monitoring and radio-
frequency energy safety considerations . To define the optimal
size of the tip electrode, radiofrequency lesions were created
in dogs using electrode tips 2 to 10 mm long, with a constant
energy o€13.3 ± 1 .3 W for a total energy level of 5 J . In
that study (48), 6F catheters were used and the optimal tip
electrode length was 4 mm, which create the largest lesion
volume of 32 .6 mm3. Increasing the electrode length to
>4 mm resulted in a decrease in lesion size (48). Perhaps,
this finding is not surprising because, as shown in that study,
the high current density at a small electrode area in contact
with tissue leads to a rapid impedance rise as a result of
boiling from the high temperature generated at the interface,
thus limiting the amount of energy transferred to the tissue .
As the surface area of the ablation electrode is increased, the
current density decreases, resulting in a decrease in the
temperature below the boiling point and allowing for longer
application of energy and thus longer tissue exposure to
heat. Propagation of the heat to a deeper and wider region
results in a larger lesion
. If the energy level is increased in
proportion to the increase in electrode surface area, the
"26
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Figare C Because of the limited lesion size, the deflectable ablation
catheter has to be placed close (within 3 to 4 mm) to the affhythm
mogenic tissue . Ablation of bypass tracts in this dog heart can be
approached retrogradely through the aortic valve with the ablation
catheter tip placed either under the mitral valve in the left ventricle
(1) o: just above the valve in the atrium (2). Ablation in the left
atrium can be also achieved through a transseptal approach with the
catheter introduced by way of the venous system and through the
atrial septum (3) . Atrioventricular (AV) node modification for pa-
tients with AV node reentrant pathways or ablation of accessory
pathways that insert into the right atrium most commonly require
placing the ablation catheter at the posteroseptal region of the right
atrium in close proximity to the tricuspid valve (4) . Additional
catheters are placed across the tricuspid ring superiorly for atrial,
His and ventricular electrogram recordings (5) and a catheter
positioned in the coronary sinus (6),
lesion size will increase appropriately provided good clec-
trode-tissue contact exists .
The most commonly used radiofrequency ablation cath-
eter is a 7F, 4-mm long platinum tip electrode steerable
catheter. If the ablation electrode is firmly embedded in
tissue, the impedance is greater (130 to 180 fl, rarely more)
than the impedance of a catheter with its tip electrode
floating in blood. With the 7E catheter, the average imped-
ance is 116 t 17 10 (range of 80 to 140) (43) . During the first
few seconds of energy delivery, the impedance tends to
decrease . The reason for this decrease is not totally clear ;
however, as mentioned before, the retraction of the endo-
cardial surface around the electrode tip enlarges the area of
electrode-tissue contact . Electrode-tissue bonding and tissue
heating will also reduce the impedance . Multiple electrode
configurations were devised to improve electrode-tissue
contact and stability, decrease impedance, direct current
into the tissue and minimize the amount of current diverted
to blood. Such electrodes include needle and screw-in elec-
trodes (49) and suction electrodes (50), all of which increase
the efficacy of lesion formation but also may cause a signif-
icant amount of trauma .
The monitoring of impedance, current and voltage during
the application of ablating current is the most accessible and
important information in the absence of catheters with
temperature sensors . An increase in impedance to several
JACC Vol. 22, No . 3
September 1993 :921-32
hundred 11 with a concomitant decrease in current is an
indication that a coagulum has formed on the catheter tip .
Continued application of energy in the b est ace of high
impedance leads to high voltages and may rc~%it in arcing .
tissue tearing, charring and increasing the size of coaguluin
formation on the tip electrode, which may become detached
and embolize. In addition, once impedance has increased, it
is unlikely that repeated energy application will deliver any
significant amount of energy to the tissue . Therefore, remov-
ing the catheter and scraping the coagulum from the tip is
recommended in this situation . Unfortunately, removing the
catheter from what may be the optimal location for ablation
can result in both many hours of effort to reposition the
catheter and prolonged radiation exposure .
Figure S. Micrograph showing a cross section of the junction
between the left atrium (thinner wall segment) and the left ventricle
(the thicker wall segment) . A segment of the mitral valve is shown in
the center . Supravalvular and infravalvular lesions were generated
in a dog heart with 40-W power applied for 40 s
. After healing for 4
weeks, the two lesions are dense, well demarcated and consist of
necrotic tissues and regions of hemorrhage within the lesions . The
ventricular lesion (A) measured 9 .5 mm in diameter and 6
.5 mm
deep. The atrial lesion (U) measured 8 mm in diameter and 3 mm
deep
. The indentation seen on the endocardial surface of the left
ventricular lesion is a result of tissue retraction under and around
the catheter during the application of energy .
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Several published reports (42,51) have evaluated cathe-
ters with a temperature sensor (thermistor) mounted on the
tip electrode. The tip of the radiofrequency delivery elec-
trode is not the source of heat . The tissue under the
electrode is heated, and this heat is conducted hito the
catheter tip containing the temperature sensor . Radiofre-
quency generators with a feedback loop feature that adjusts
the current flow to maintain the tip electrode at a fixed
preselected temperature below the boiling point would be
desirable because it provides the operator with the capability
of generating a lesion without the fear of coagulum formation
and increasing impedance .
During radiofrequency application, it is desirable to ob-
serve the limb lead electrocardiograms (ECG) and several
intracardiac electrograms for arrhythmia, interruption of
tachycardia, changes in pre-excitation and changes in the
AV and His-ventricular intervals. Because the highest fre-
quencies that compose the limb leads and intracardiac re-
cordings do not exceed 310) fl, digital or linear notch
filters can be applied to filter the radiofrequency interference
without compromising the quality of the recordings .
Laser Ablation
The laser provides an additional source of energy that can
be delivered by a catheter into the cardiac chambers for
tissue ablation. The laser energy wavelengths used range
from infrared to ultraviolet frequency and are characterized
by their monochromatic and coherent form . Several forms of
laser energy with different wavelengths such as the argon,
carbon dioxide
(C02)
and neodymium: yttrium-aluminum-
garnet (Nd :YAG) can be used . Each of these laser sources
requires a unique delivery system . The
C02
laser utilizes
optical prisms and mirrors to direct the beam, whereas the
argon and Nd :YAG lasers use fiber optic tube : to transmit
the light energy. These laser beams can be used in either a
continuous or a pulsed manner . The lesion produced by
myocardial irradiation with a laser beam is a direct result of
tissue heating, which is a function of the laser beam power
density on the tissue. The laser beam power decreases
within the tissue in an exponential decay manner . The rate of
this decay is related to the laser beam scatter, absorption and
distance from the laser source . With a C02
laser beam, the
tissue scatter as compared with absorption is minimal . As a
result, maximal heating occurs at the interface between the
laser beam and the tissue, causing tissue evaporation . This
energy is ideal for tissue cutting . The Nd :YAG laser beam
yields high tissue scatter and low absorption. It causes
heating of deeper tissues and creates larger lesions (52) .
Because of the characteristics of this laser, many of the
experimental and clinical attempts of arrhythmogenic tissue
ablation by photocoaguiation were made with the Nd :YAG
laser.
Thus far, experience with laser ablation has been limited
to intraoperative endocardial laser ablation for ventricular
tachycardia (52) . It has also been used in conjunction with
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surgical endocardial resection (53) . Successful arrhythmia
suppression was achievtd in 6_0% off patients with ventricular
tachycardia (53) and in a high proportion of patients with
supraventricular tachycardia . With the advancement of fiber
optic technology, it is possible to deliver the laser energy
through a catheter (54) . The complications associated with
transcatheter laser application in myocardial tissue range
from tachyarrhythmias to perforation (55,56) . However,
arrhythmias were not noted in patients who underwent
intraoperative laser application for arrhythmia control (52) .
The development of a pulsed delivery system, which
allows cooling to occur between pulses,
has reduced the
incidence of myocardial perforation and optical fiber tip
degradation . Saksena et al. (53) demonstrated that the dis-
eased myocardium has a higher srfety margin for perforation
from laser energy than normal myocardium . The lesion
dimensions, including depth and diameter, were greater in
the norivial myocardial tissue than in the diseased fibrotic
myocardium, with other variables being constant . Atrial
tissue has the lowest safety margin for perforation with laser
energy because of the thinness of the atrial wall . Application
of 3011 J of argon laser energy to a single site in the normal
ventricular myocardium was not associated with perforation
(57) .
Initial experience with laser ablation did not show a
significant risk of embolization Because the laser ablative
process generates gaseous and soluble by-products -3 Am in
size (58) . The lack of sufficient safety data, complexity of
fiber optic technology and poor flexibility of the energy
delivery systems (catheters) have been the major limiting
factors in the widespread use of laser transcatheter ablation .
Currently, fiber optic technology is expensive to install and
to maintain, and its use must he justified by clear advantages
of ablation over other types of treatment .
Crymblation
The ideal approach to arrhythmogenic tissue ablation is
by freezing rather than by heating . By cooling excitable
tissues, refractory periods and conduction times are pro-
longed and excitability is reduced . Localized cooling of the
tissue slows or interrupts the tachycardia .
Cooling is easily reversible and no tissue damage occurs as
long as freezing does not take place. Freezing the tissue
disrupts the cell membrane and causes coagulation injury,
leading to a dense homogeneous well demarcated scar tissue
(59,60). Cold mapping has been applied in the operating
room for AV node cryosurgical ablation, reciprocating ta-
chycardias and ventricular tachycardia and more recently,
through a transvenous approach (61,62) .
The cryoablation system consists of a high pressure
nitrous oxide or nitrogen storage tank that pumps the pres-
surized gas into a probe . Within the probe, the gas expands
resulting in a rapid temperature decrease at the tip to as low
as -60'C. The gas flow ;s maintained through a return
conduit and released . The temperaturee can be controlled by
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adjusting the rate of gas flow into the tip. A cryoprobe placed
in water will produce an expanding ice ball that is limited in
size by the temperature gradient between the ice and the
surrounding water. When the probe is immersed in 37°C
blood and placed against the perfused myocardium, the
cooling capabilities of the probe largely depend on the rate of
nitrous oxide gas that can be expanded within the cooling
chamber. Only recently a cryoprobe for transvenous appli-
cation has been developed and tested . An 11F experimental
transvenous cryocatheter was used in that study (62) . Such a
catheter can be inserted to create lesions around the tricus-
pid ring; however, manipulation of the catheter to ablate
left-sided arrhythmogenic tissues may not be possible ()2) .
The use of pressurized gas systems represents both safety
and delivery problems . Attempts are being made to produce
controlled cooling by using deflectable catheters and pulsed
direct current electrical energy into a the.m~ocoupled semi-
conductor junction, a concept called the Ifeltier effect, When
electrical energy is delivered into the junction, one element
is rapidly cooled and the second element in the junction
heats. Using this technology, the cooling element can be
directed to contact the tissues whereas the heat can be
vented by the blood . Whether such a system can cool a
sufficient amount of tissue to be useful remains to be
determined .
Chemical Ablation
Transcatheter injectable necrotizing agents such as for-
malin, alcohol, radiopaque solutions and other mixtures
have been used for causing local sclerosis and necrosis in
cardiac tissue . This method was initially used to cause total
AV block in experimental animals by injection into the
perinodal area (63,64) . Local injection for ablative purposes
had variable success in the experimental animal protocols .
The nonsurgical approach of perinodal sclerosis with forma-
lin in a dog model was introduced in the I%Os1 Fisher et al .
(65) reported a 50% success ra .n in producing heart block in
38 dogs by injecting 40% formaKehyde in the vicinity of the
His bundle.
Intracoronary injection of alcohol has also been explored
by different investigators (66,67). Brugada et al . (66) studied
three patients with incessant ventricular tachycardia who
had coronary artery disease and who failed several andar-
dly1mic drug trials. Ethanol (1 .5 to 6 ml, 96%) was injected
into the coronary artery branches that supplied the arrhyth-
mogenic areas . Ventricular tachycardia suppression was
successful in two patients. All patients experienced chest
pain, although technetium pyrophosphate scans did not
reveal an area of myocardial infarction. Kay et al . (67)
reported similar work with ethanol (96%) injection into the
AV node artery in 12 patients . Six patients had medically
refractory arrhythmias that could not be ablated with previ-
ous direct current or radiofrequency attempts . In this study,
immediate heart block associated with mild transient chest
discomfort was noted in 10 patients
. Similar selective admin-
JACC Vol. 22, No . 3
September 1993 :9.21-32
istration of antiarrhythmic agents into the AV node artery
has been performed by other investigators demonstrating its
feasibility in human sullet i3 (68) . This procedure involves
occlusion of the coronary Blood supply to a poorly defined
territory, which may caus ., a significant amount of tissue
infarction and possible additional arrhythmias .
Microwave Ablation
The dominant factor in heat production using radiofre-
quency energy at frequencies of 200 to 750 kHz is electrical
resistance . A rapid decrease in current density is noted only
a few millimeters away from the ablation electrode and, as a
result, lesions are produced with limited depth of penetra-
tion. This may be one of the primary factors limiting the
successful ablation of ventricular tachycardia using radio-
frequency energy .
Recently, we have seen a growing interest in microwave
technology as the means of transmitting energy into cardiac
tissues and causing tissue destruction by heat (69,70) . Micro-
waves are electromagnetic waves with frequencies in the
range of 30 to 3,000 MHz . These high frequency waves can
propagate in free space or in a conductive medium . The
waves, however, are reflected and scattered at the interfaces
of media with different impedance levels (71) . The greater
the impedance change, the greater will be the energy scatter
and reflection . As the electric field is oscillating, so do ions
within the exposed media . This oscillation is the primary
mechanism of heat generation within physiologic tissues .
The oscillation of charges and changes in electric dipoles
(causing loss of dielectric properties) generates an increase
in the kinetic enemy of these molecules and thus an increase
in tissue temperature . The increase in kinetic energy is a
function of the tissue dielectric constant, electrical conduc-
tivity and the frequency of the electromagnetic field . The
high water content of cardiac tissues provides for a high
tissue dielectric constant and conductivity that results in
high power absorption. However, as the frequency of the
electromagnetic field increases, the conductivity increases
and the dielectric property decreases, which means that at
higher frequencies, the power absorption of deeper tissues
decreases. A rapid decrease of power density, diminishing to
109o', was noted at 3.5 cm with a frequency of 918 MHz ;
whereas at a frequency of 27 MHz, 609/6 of the power density
is noted at the same distance (71) . Although at higher
frequencies the electromagnetic transmission allows better
focusing of the energy to affect limited regions of tissue, the
power dissipation at distant tissues is decreased and thus
distant tissue destruction is decreased . The transmission of
microwave energy into the cardiac chambers through the
arterial or venous system requires a specially designed cable
called a coaxial transmission line that is incorporated into a
catheter. The catheter tip can be a helical antenna (69)
designed to radiate a prespecified frequency and to match
the transmission line impedance . Different shapes of a
needlelike protrusion from the coaxial cable can be formed
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1 . DC*
2. Hp*
3. 1MW
4 . Cryothermia
5 . Laser
6. Chem
Very high
Very high
1jak
High
High
High
to improve the uniformity of the transmitted electromagnetic
field (70). Temperature maps of microwave radiation re-
vealed nonuniform heating around the antenna, where the
maximum heat production is generated laterally to the shaft
of the catheter . These transmission characteristics can be
improved with air inverted coil design of the catheter tip
antenna (70) . Successful modification of the AV node has
been recently reported in dogs (69). However, it has yet tv
be proved that this form of energy is superior to radiofre-
quency for the ablation of cardiac tissues, especially for
tissues causing ventricular tachycardia where deeper lesions
are needed to eradicate the reentrant circuits.
Catheter Technology
One of the most important factors that has led to the
widespread use of radiofrequency ablation has been the
development of deflectable catheters. Because the radiofre-
quency lesion size is limited to a small volume, precise
localization of the tissue to be ablated is necessary . By using
a deflectable-tip catheter, the operator can maneuver the tip
guided by localized electrical activity, fluoroscopy or
echocardiographic imaging . Despite these tools, radiofre-
quency ablation procedures may last several hours with
substantial radiographic exposure owing to the difficulty in
maneuvering the catheters to the desired anatomic location .
Currently, to achieve lateral movement of the catheter tip,
the operator applies torque to the catheter shaft . As the
catheter has to be flexible enough to negotiate the anatomic
structures without causing perforations, torquing the shaft
can result in the catheter twisting on itself or a buildup of
torque. This leads to abrupt dislodgment of the tip and, at
times, to a significant prolongation of the procedure . A new
catheter technology is needed that allows the operator to
adapt the catheter to the cardiac structure . These catheters
should allow the operator to map and to apply ablative
energy to the appropriate electrode without the need to
maneuver the catheter (72).
Conclusion
Table I summarizes the six transcatheter cardiac tissue
ablation techniques discussed in this review ; the information
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Table 1 . Summary of Six 'Fransc-itheler Cardiac `Tissue Ablation Techniques
Technique
	
AVNRT
*Transcatheter ablation methods urrently in clinical use
. f0ther than bundle branch reentrant ventricular (achycardia . AP = accessomy Pathway-dependent
reentrant tachycardia; AVNRT = atrioventricular node reentrant tachycardia ; Chem = 4ijecfioa
rnf chemical agent into the tissue or cormary artery
; DC = direct
current high energy shock ; MW = microwave energy ; RF = radiofrequency energy
;
tank
= unknown ; VT = ventricular tangy `a .
provided is based on the physical and engineering aspects of
each technique .
It is expected that the rapid technologic and methodologic
advancement that has to en place since the introduction of
coronary and peripheral angioplasty will also be seen with
the technology and methodology for the treatment of cardiac
arrhythmias . Innovative investigators in both industry and
medicine will provide the practitioners with an assortment of
catheters and techniques that will improve currently avail-
able methods and provide insight as to the safest and most
effective approach for cardiac arrhythmia ablation .
Glossary of
Physical
and
Electrical
Terms
Ampere = a unit describing the amount of current that flows as
a result of the application of electrical energy to a conductive load .
Argon laser energy = coherent light radiation
produced
by the
excitation of argon gas molecules. Such radiation energy, when
generated at high energy levels and focused over a small area, wJ
emit large amounts of heat .
Atmosphere a unit that defines pressure, I atm = 14 .7 lb/in'.
Barotrauma tissue trauma produced by the impact of a rapidly
expanding pressure wave.
Catheter insulation = plastic tubing that surrounds the catheter's
conductive elements.
Cathodal pole = electrode connected to the negative pole of a
direct current source .
Coaxial transmission line = a
cable consisting of a central
conductor core surrounded by a specialized insulation tube . The
external surface of the tube is covered with a flexible conductor .
Such a cable is used to transmit high frequency energy.
Conductivity = the inverse value of the resistance .
Coherent = fixed spatial and temporal phase relationships be-
tween waves .
Conductors (electrical) = matter that allows electrical current
flow with minimal resistance .
Cryoablation = a technique of freezing tissues using a pmsmr-
ized gas that flows through a probe . The gas expands in the tip of the
probe resulting in a rapid temperature drop to levels of -6WC .
Current (electrical) == the flow of electrical charge in a conduc-
tive media. The unit of electrical current is the ampere
.
Success Rate
Complication
Rate
past of
Delivery
Lesion Size
AP VT
(Width, Penetration)
Very high Low t
High Easy
Large, shallow
Very high Lowt Low
Easy Small, shallow
fink
Unk Unk Complex
Large, deep
UPI
High Unk Low
Complex Small, shallow
Low
High High High Complex
Large, deep Low
Low link High
Complex Large, deep
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Current density = the current flow through a volume of tissue,
defined in amperes per square meter
.
Dielectric constant =
the polarization for dielectric matter.
Matter that does not contain free charges that can move is called
dielectric matter
. However, such matter is composed of charged
molecules that will orient themselves when exposed to an electrical
field .
Electrical field the force acting on charged molecules in space
describes the electrical field .
Electrode-tissue impedance = the resistance to electrical current
located at the interface between a metallic electrode and tissue
. As
the interface contains resistance and capacitance, the combination is
defined as impedance .
Electromagneta'c field = a magnetic field generated by electrical
current flow .
Fiber optic - thin transparent fibers of glass or plastic enclosed
by material with a lower index of refraction that transmit light
throughout their length by internal reflection .
Hertz = a unit of frequency . One hertz (Hz) is one alternating
cycle/second (CPS), one kilohertz (kHz) is 1,000 CPS and one
me .
rtz (MHz) is I million CPS .
Impedance = resistance to electrical current flow that varies
with frequency
. This phenomenon is characteristic of capacitive or
inductive loads.
Incandescent globe formation the formation of a luminous
sphere with intense heat .
Interfaces - the surface that forms the common boundary of two
different media .
Indif erent electrode = a reference electrode with a large surface
area, placed at a distance from the site of electrical stimulation or
the site of electrical ablation .
Infrared frequency = light energy with wavelengths longer than
visible light . Infrared radiation is often used for heating.
Joule = a unit of work that describes the amount of power
dissipation over time (watt-seconds
[W-s]),
Kinetic energy (for molecules) = the energy released by mole-
cules as a result of their movement .
Microwave frequency = alternating electric energy in the fre-
quency range >30 million cycles/second .
Modulated current
=
electrical current with a waveform that is
modified to limit the amount of power transmitted,
Monoexponnential decay
curve = a rapidly decaying curve in an
exponential pattern .
Monochromatic radiation = radiation consisting of a single
wavelength.
Notch filter = an electrical circuit designed to filter a narrow
band of frequencies using computerized (digital) or linear circuits
.
Oscillation = repetitive cyclical action .
Phase delay
= a delay in the current waveform with respect to
the voltage waveform, characteristic of capacitive circuits
. As
radiofrequency is a sinusoidal alternating voltage and current with
cyclical changes in waveform, phase shifts are described in degrees
from 0 to I .
Plasma arc =
release of a strong light and high heat as a result of
:an electrical discharge through highly ionized gas
.
Power
(electrical) = the amount of instantane :.us eta.rgy trans-
ierred or the rate at which work is done or energy is transferred
. The
unit of power is the watt (W) .
Radiofregrtency energy =
alternating electrical energy in the
frequency range between 10,E to 900,E cycleslsecond
.
Rejection (microwave)
= the return of microwave radiation
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back toward the source as a result of changes in the conductivity of
the media .
Resistance (electrical) = the opposition of media to electrical
current flow, measured ire ohms (f)) . Pure resistance is constant at
all frequencies .
Resistor network = multiple resistors connected in series, par-
allel or in combination .
Root-mean-square = the mathematic formula used to define the
average value of an oscillating energy source .
Sinusoidal electrical current = an alternating cyclical waveform .
Thermal conductance = the ability of a medium to propagate
heat .
Ultraviolet frequency = light energy with wave lengths (frequen-
cy spectra) shorter than that of visible light .
Vapor = gates released as a result of the evaporation of a liquid .
Voltage = a measure of the electrical potential created by the
application of electrical energy across a resi :ativc load .
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